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ABSTRACT 
Development of a Heat-Balance Model for the Characterization of Wax Blockage in 
Flowlines. (December 2004) 
Ebiaye Valerie Ombu, B.S., Kwame Nkrumah University of Science and Technology 
Chair of Advisory Committee: Dr. Stuart Scott 
 
The presence of a blockage in a pipeline will alter the fluid dynamics of a flowing 
system in terms of the heat, mass and velocity characteristics. The analysis of the fluid 
dynamics is based on balances taken on the overall system to qualitatively and 
quantitatively assess the effects of the blockage. Pioneer work in the area of mass and 
momentum effects of blockages led to the development of blockage type curves useful in 
characterizing blockages from limited information. This work is an extension of 
previous work and is based on the application of a simplistic energy balance approach to 
characterize blockages in pipelines.  The resulting heat models for the case of both a 
partially and fully-blocked flowline correctly predict the effect of wax deposition. 
Dimensionless temperature-based blockage maps developed here can be used in 
modeling unique cases where only two of the three necessary conditions are given. The 
heat model matches results from commercial software within a limited range of 
restricted flow conditions. 
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INTRODUCTION 
The exploitation of hydrocarbon resources is shifting more and more towards the 
development of offshore deepwater fields where flow assurance concerns increase 
exponentially and are critical to the economic viability of these projects. This shift has 
spurred growth in the area of flow assurance, resulting in significant technological 
advancements (multiphase pumps and meters) and increasingly sophisticated production 
techniques that have enhanced the economic attractiveness of offshore fields. 
 
The term flow assurance has almost become a catch phrase in the oil industry in recent 
years. By no means a recent practice, flow assurance, a term thought to have been coined 
by Petrobras in the early 1990s as garantia de fluxo has been in existence from the 
commencement of commercial production of crude. It is exactly, as its name implies, the 
successful management of the vast array of issues involved in the production and 
transportation of crude, including the monitoring of the thermal and hydraulic behavior, 
PVT properties, and rheology of the crude; the prevention and control of blockages and 
leaks; and the maintenance of the mechanical integrity and stability of the entire 
production and processing facility. Flow assurance encompasses such issues as 
multiphase flow, blockage and leak prevention and control, slugging, system operability 
optimization, insulation, and corrosion.  
 
 
                                                
This thesis follows the style and format of the Journal of Petroleum Technology. 
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One such critical issue, which serves as the focus of this research, is that of blockages. 
The majority of blockages or obstructions in flowlines can be traced to the deposition or 
precipitation of wax, asphaltenes, hydrates, scale, sand, or some combination of all these 
substances. One of the difficulties in dealing with blockages from more than one source 
is that each source (wax, asphaltenes, hydrate, sand, and scale) has unique properties 
such as phase envelopes, thermal conductivities and heat capacities and thus unique 
control techniques that sometimes conflict with one another and thus require some kind 
of trade-off. Fig. 1 illustrates an arterial blockage from wax in a flowline. 
 
Fig. 1−Illustration of a flowline plugged with wax. 
 
Extensive research work on the actual mechanisms of blockage precipitation and 
deposition for wax is reviewed in the literature survey but does not serve as the focus of 
this study. The deposition models, which are developed from these theoretical 
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mechanisms, are often incorporated into simulation software and used for prediction 
purposes under actual conditions. 
 
The traditional approaches to dealing with blockages have been both remedial with such 
intervention techniques as mechanical pigging, and preventive, using chemical inhibition 
schemes. These approaches, though the most viable options for handling blockages have 
significant drawbacks: Chemical inhibition is expensive and mechanical pigging 
involves considerable risk in the form of the constant threat of a stuck pig and the 
resulting tremendous cost of downtime to rectify the problem, or in the worst-case 
scenario, of losing the pipe entirely.  
 
The problem of blockages does not have a unique panacea, rather a suite of tools, which 
collectively can be applied to the prevention, control, and remediation/removal of 
blockages. Analytical techniques that have been developed to characterize blockages 
serve as one such valuable tool. These include volume-based (mass) and friction-based 
(momentum) techniques developed by Scott and Satterwhite.1 Their pioneer work 
including the application of the backpressure technique for blockage detection and the 
development of type curves are reviewed in the literature study. This study is an 
extension of their work but from a completely different perspective, the heat balance 
approach. It develops energy-based (heat) techniques for blockage characterization and 
presents a heat model quantifying the effects of a blockage on an overall energy balance  
from the original ideas set forth in the work of Chen et al.2  
  
4
 
FOCUS OF RESEARCH 
Wax deposition is a complex phenomenon requiring two basic models for its complete 
description; one model predicting the solid/liquid/vapor equilibria behind wax 
precipitation and the other, predicting the heat loss rate which controls the rate of wax 
deposition. This research is focused on developing a model for predicting the heat loss 
rate from flowlines in the presence of blockages. 
 
Wellbore Heat Transfer vs. Flowline Heat Transfer 
Heat Transfer from wellbore to formation is composed of heat transfer within the tubing 
and fluid-filled annulus; which is by convection and heat transfer through the tubing, 
casing walls and the formation; which is by conduction.3 Heat transfer into the formation 
is transient and was originally modeled by Ramey4 and improved for early times by 
Hasan and Kabir.5 
 
Flowline heat transfer, which is the focus of this research, is composed primarily of 
convection from the flowline to the environment, though there is some conduction 
through the materials of the pipe wall and wax layer. Flowline heat transfer is being 
considered under steady-state conditions in this work. 
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BACKGROUND 
The issue of blockages is critical in all installations but more so in offshore locations 
with installations of greater complexity, typically subsea completions tied back to 
existing platforms via flowlines of extensive lengths; and where accessibility is often 
limited. Among the serious economic consequences of blockages in pipelines is the 
obvious loss of revenue when production is deferred as the restriction reduces the flow 
capacity of the pipe. The problem of increased pumping pressure requirements as a 
result of the blockage, further compounded during startup as the waxy crude gels, leads 
to additional operational expenses.6 Wax deposition also reduces the capacity of process 
equipment and interferes with valve operation and instrumentation, causing system 
upsets and reducing the overall system operability efficiency.7 Undetected blockages can 
eventually plug the pipeline so severely that mechanical pigging is no longer an option 
and the entire pipe is lost. The loss of an offshore pipeline is disastrous, often leading to 
losses running into hundreds of millions of dollars. 
 
Obviously, prevention, prediction, and early detection are the preferred options when 
dealing with blockages. Simulation software packages such as OLGA 20008 and 
PIPESIM9 have built-in wax deposition modules based on thermodynamic models, 
which are able to estimate the degree of wax deposition. However, as with all simulation 
software, their application is limited by the inherent uncertainties. The prediction models 
upon which the simulation software are built, are still not considered to be very accurate, 
but they are believed to provide reasonable estimates of the rate of wax deposition and 
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thus provide a basis for assessing the needs for wax control.10 There is a clear need for as 
many predictive, analytical, diagnostic and remediation tools as possible for handling 
blockages thus forming the basis of this research. A review of the tools used in the 
handling of blockages is presented here under five categories:  
 
1. Prediction, 
2. Detection,  
3. Prevention, 
4. Remediation,  
5. Analysis. 
 
PREDICTION  
The predictive tools are essentially models that incorporate the physical phenomena 
behind the formation and deposition of wax. The complete description of the mechanism 
of wax deposition encompasses both equilibrium models, which deal with the 
solid/liquid/vapor phase equilibria behind the wax precipitation, and heat models, which 
deal with the actual rate of deposition of the precipitated wax. These models form the 
basis of such simulation software as OLGA 2000 and PIPESIM. 
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Equilibrium Models 
The equilibrium models developed are based on the process of wax precipitation and 
deposition. This necessitates a brief description of waxes and the chemistry behind their 
precipitation. 
 
Waxes 
 
 
 
                                                                                                                    
                                                                                      
                                                                                                                                                                          
 
   
 
Fig. 2−Structure of the various forms of wax. 
 
Waxes/paraffins are high molecular weight, high carbon number (30 to 75) hydrocarbon 
compounds.  Crude oil with a wax content greater than 10% is considered waxy and 
causes severe problems in the oil industry including clogging pipelines and forming 
arterial blockages that restrict flow, causing equipment deterioration, production 
slowdown and economic losses. 
 
Iso-Paraffin 
N-Paraffin 
Cycloparaffin 
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Waxes are characterized by two properties: 
a) Wax Appearance Temperature/Wax Crystallization Temperature/Cloud Point: 
This is the temperature at which wax crystals begin to crystallize and precipitate 
out of solution. 
b) Pour Point: This is the temperature below which the crude ceases to flow. It is 
usually about 10-20 oF below the cloud point.6 
 
Numerous equilibrium models have been proposed to describe the phase equilibria for 
wax deposition. The typical approach involves the application of two equilibrium 
models: a liquid/solid model and a vapor/liquid model. The equations that form the basis 
of any equilibrium are presented below. 
  
The chemical potential of component i at temperature T in a liquid and solid phase, is: 
  
( )LiiOiLi xRTRT γµµ ln+=   ......................................................................... (1) 
 
( ) ( )






−∆−+=
RT
TTHw
RTRT
f
if
i
w
ii
O
i
w
i /1ln γµµ .......................................... (2) 
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where µo  =  Chemical potential at standard state,  
γ  =  Activity coefficient,  
 ∆Hf  =  Heat of fusion,  
 Tif  =  Fusion temperature,  
 x = Mole fraction in the liquid phase, and  
w = Mole fraction in the wax phase. 
 
For wax to be formed at a given temperature, the Gibbs free energy change (∆G) for all 
possible wax compositions must be greater than zero as given by: 12 
 
0>∑−∑+∑=∆ Fi
F
i
L
i
L
i
w
i
w
i nnnG µµµ ............................................  (3) 
where ni is the number of moles of component i.  
 
For thermodynamic equilibrium to be established between the liquid and wax phases, 
Eq. (4) must be satisfied. 
 
( )








−∆=
RT
TTH
x
w fif
iW
i
L
i
i
i /1exp
γ
γ
.........................................................  (4) 
 
Won11 developed a model from the fundamental equations above, which overestimated 
the cloud points.12 Hansen et al.13−15 proposed polymer solution theory for the liquid 
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phase and treating the solid phase as an ideal mixture to improve the estimation and 
Pedersen et al. used solution theory for both the liquid and solid phases.14  
Another model by Erbar15 applied by Majeed, Bringedal, and Overa16 to North Sea oils 
is presented here: 
 


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 ∆
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

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Pf
i
f
ip
f
i
f
i
w
i
L
i
i
i dP
RT
V
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T
T
T
R
C
T
T
RT
H
x
w
0
ln11exp
γ
γ .. (5) 
 
where ∆Cp = Heat capacity change in fusion, and  
∆V = Volume change of fusion. 
 
The vapor/liquid equilibrium is based on the traditional application of cubic equations of 
state such as the Soave-Redlich-Kwong equation. 
 
There are three critical considerations with equilibrium models: 
1. The determination of the potentially wax forming components and subsequent 
characterization of the heavy fraction into pseudocomponents,  
2. The calculation of the equilibrium coefficients (K-values), 
3.  and the satisfaction of the material balance constraints.  
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The models are solved to satisfy all material balance constraints while providing 
equilibrium concentrations of the components in all three phases at varying 
temperatures. This variation in concentration with temperature dC/dT serves as input to 
the diffusion models (see Molecular Diffusion in the section to follow).  
 
These models are incorporated into PVTSim; and PIPESIM as a separate wax deposition 
module. 
 
Heat Models 
Generally, wax deposition occurs when changes in the equilibrium condition of the 
flowing fluid reduce solubility. These changes could be changes in composition, 
temperature reduction below the wax appearance temperature (WAT), pressure drop 
resulting in loss of lighter ends and saturation of the crude, or the presence of nucleation 
sites.6 The rate of deposition is largely controlled by the amount of wax components 
dissolved in the crude and the rate of heat loss to the surroundings.  
 
The physical phenomena describing wax deposition include molecular diffusion and 
shear dispersion. Molecular diffusion dominates at higher temperatures and heat fluxes 
while shear dispersion dominates at lower temperatures and heat fluxes. 
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Molecular Diffusion 
This mechanism transports dissolved wax in solution across a temperature and 
concentration gradient. The bulk fluid ambient temperature difference forms the 
temperature gradient, which must be greater than zero for a net positive heat flux.14,15 
The transported wax is precipitated as a solid on the colder pipe wall and forms an 
immobile layer, which in turn creates a concentration gradient causing additional 
diffusion of the dissolved wax to the pipe wall. The concentration gradient is obtained 
from a thermodynamic calculation of the solid/liquid/vapor phase behavior.16 Molecular 
diffusion is the most significant contributor to wax deposition and is described 
mathematically by Ficks law. 16-18 
 
dr
dT
dT
dCD
dr
dCDn m ρρ ==
 .................................................................... (6) 
    
µ
BDm =
 ............................................................................................... (7) 
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where  n  =  Mass flux,  
ρ = Density of solid wax,  
Dm =  Molecular diffusion coefficient,  
 dC/dT  = Concentration gradient (from equilibrium model),  
 dT/dr =  Temperature gradient (from heat transfer analysis),  
B =  Constant for a particular crude, and  
µ = Dynamic viscosity of the crude. 
 
Shear Dispersion 
Solid/particulate wax such as wax crystals, which normally travel with the mean speed 
and direction of the surrounding fluid, are transported from the turbulent core laterally to 
the pipe wall as a result of shearing of the fluid close to the pipe wall.16 This mechanism 
is controlled by the wall shear rate, the amount of wax out of solution, and the size and 
shape of particles. It becomes important when the precipitated wax content is high. The 
shear dispersion coefficient (Ds) is given by: 
 
10
*2 w
s
Ca
D
γ
=
 ...........................................................................................(8) 
 
where a =   Particle diameter,  
γ =  Shear rate of oil at the wall, and  
 Cw* =  Volume fraction concentration of wax out of solution at the wall. 
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(Note: The shear dispersion coefficient, Ds is added to the molecular diffusion 
coefficient when significant.) 
 
Brownian motion and gravity settling are other wax deposition mechanisms but will not 
be discussed because their contribution is largely insignificant at the flowing conditions 
encountered in wells and pipelines.19 
 
DETECTION 
Unlike leaks that can in some cases be visually detected offshore with remotely operated 
vehicles, blockages are internal and thus pose a greater challenge to detect. The 
knowledge of the type of crude and its wax deposition potential, as determined from 
sampling and laboratory testing, is critical information that answers questions such as, 
Will wax form? Under what conditions? How much wax do we expect? Armed with this 
knowledge, production engineers can anticipate and design for the onset of wax 
deposition. The actual clues indicating the commencement of wax deposition/presence 
of blockages are wax crystals in produced crudes and wireline equipment, and unusual 
drop in production rate, wellhead pressure, or temperature due to Joule-Thompson 
effect.6 
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PREVENTION/CONTROL 
A number of preventive methods currently used will be discussed in this section. 
 
Chemical Control 
This involves the use of wax inhibitors which come in two forms: wax crystal modifiers, 
which are polymers that inhibit or alter wax crystal growth thereby decreasing their pour 
point; and dispersants, which coat individual wax particles thereby preventing their 
agglomeration and subsequent deposition. Inhibitors also act to decrease the wax 
appearance temperature, increasing the non wax-forming operational envelope.  
Needless to say, chemical control is costly. Monthly expenditures on chemical injection 
are estimated to run as high as $800,000, which when added to the value of deferred 
production (due to the blockage) could result in annual losses up to $25 to 30 million for 
a single oil well.20 
 
Thermal Methods 
They serve a dual purpose of prevention and remediation of blockages. Insulation and 
active heating are the primary options used to maintain the bulk fluid temperature above 
the wax appearance temperature. Procedures such as steaming the flowlines, installing 
bottomhole heaters, and hot oil/water circulation are implemented to melt the paraffin 
deposit.21 Obvious drawbacks to these procedures include the considerable cost of 
energy for heating and the difficulty/impracticality of heating in hostile environments.22  
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A chemical process known as the Nitrogen Generating System (SGN) created by 
Petrobras (also available by Baker-Hughes) which is based on strongly exothermic 
reactions of salt solution mixtures is used to melt paraffin deposits.23 
 
Production/Completion Techniques 
These involve the use of plastic and coated pipes, application of backpressures, and the 
use of improved handling facilities.6 The pressure boost provided by multiphase 
pumping, an emerging technology, is also thought to have an additional advantage of 
shifting flowing/production conditions out of the hydrate- and wax-forming operational 
envelope and also controlling pipeline slugging.24 
 
Distributed Temperature Sensors25 which are basically fibreoptic sensors are employed 
by companies such as Schlumberger to provide accurate, real-time temperature 
measurements necessary for a proactive approach to flow assurance. They provide 
critical information that aid in signaling the onset of leak and blockage detection, 
optimize energy requirements for flowline heating and reduce chemical injection.25 This 
ultimately aids decision-making leading to prompt and effective remedial action as well 
as substantial cost savings.  
 
Other commercially available tools for dispersion are magnetic and ultrasonic 
techniques. Magnetic techniques are based on the creation of a magnetic field that alters 
the chemical, mechanical, and electrical properties of the crude reducing the kinetics of 
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deposition and altering the cloud point mechanism. These flow-conditioning tools are in 
large-scale operation in China26 and were the subject of investigation by Petrobras.23  
 
Ultrasonic techniques involve the use of a movable source of electromagnetic radiation, 
such as in an electromagnetic pig. As the pig moves, the plug absorbs intense 
electromagnetic radiation, heats up and melts. Effective melting of the dielectric plug is 
achieved with the source moving along the pipeline as the solidliquid interface 
propagates.27  
 
Mechanical Techniques 
The main mechanical techniques are pigging, wireline cutting, and through flowline 
cutting, which are all variations of the same concept of running a scraper through a 
pipeline. 
 
Pigging 
The most common method for removing accumulated wax deposits, the pig is sent down 
the line, carried along by the flow of crude, and mechanically scrapes off the wax, re-
dispersing it in the bulk oil in front of the pig. This operation can be a successful, cost-
effective method for managing paraffin deposits in flowlines and pipelines provided that 
a regularly scheduled pigging program is initiated upon commissioning.28 
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The numerous pig designs range from simple spheres, to foam pigs, to bristle pigs, to 
very aggressive pigs used for cleaning out severe deposits. The basic breeds of pigs are 
the poly pig, which is equipped with soft foam used often for gauging an unknown 
environment inside of a pipeline; the jet pig, armed with steel brushes used to scrape off 
solid, heavy deposits; and the super pig, which can be equipped with a variety of 
attachments, from brushes and cups to bi-directional disks.26  
There are also intelligent/ smart pigs known as Inline Inspection Tools (ILI),29 which are 
equipped with a computer and battery pack and are used more for inspection to ensure 
pipeline integrity than for actual paraffin remediation.  
 
Generally, in the early phase and design evaluation, a maximum wax layer thickness of 2 
to 3 mm is used as the criterion for pipeline pigging.10 
 
Wireline Cutting/Through-Flowline Cutting (TFL) 
These operations involve pumping a cutting tool down the flowline and into the wellbore 
to cut wax deposits. Though TFL is not yet a common practice, it has the advantage of 
being able to remediate subsea flowlines and wellbores from a distant platform. It was 
used in the Pompano Paraffin Calibration Field Trials to clear of wax deposits before 
well testing.28 A drawback of wireline cutting is its costliness. 
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Microbial-Based Techniques 
These are commercially available microbial formulations used to treat paraffin 
deposition in the oil field. They have been successfully tested in fields in China26 and are 
considered cheaper than most of the methods outlined above when readily available. 
 
The bottom line is that there is no unique panacea to paraffin prevention and 
remediation; but rather the successful and unique combination of the solutions listed 
above must be determined on a case-by-case basis and, unfortunately, sometimes by trial 
and error to solve wax problems. 
 
ANALYSIS TECHNIQUES 
By analytical methods, we mean the various simplistic methods that have been 
developed from readily available pressure and volume data.  The idea behind these 
analysis techniques is that they provide vital information that helps in decision making, 
such as the optimal amount of chemicals to be used; they also aid in the determining the 
risk of pigging and the type of pig to be run.31  
 
The three basic analyses are mass, momentum and energy balance approaches. The 
common thread in all approaches is the qualitative and quantitative assessment of the 
deviation of the response when partially or fully-blocked from the baseline response. 
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Mass/Volume-Balance Approach 
The mass/volume balance method, developed by the onshore industry, is one of the most 
accurate methods. It is based on a blockage factor defined as the ratio of the volume of a 
partially blocked pipe of radial geometry relative to its unblocked volume. This ratio is 
obtained experimentally by bleed-off tests at the time the pipe is commissioned and after 
the blockage occurs. It requires accurate metering of inlet and outlet flow rates, which is 
often a limitation due to difficulties in obtaining precise measurements of inlet flow 
rates. The blockage factor as defined for a pipe of radial geometry is: 
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where LBD is the dimensionless blockage length, and dBD the dimensionless blockage 
diameter. 
 
The volumes of the blocked and unblocked pipeline are obtained from the basic 
definition of isothermal compressibility: 
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where Cp, CL and CB are the pipeline, liquid, and blockage compressibilities which can 
be estimated within the pressure range of interest.  
 
The slope (dVp/dP) can be obtained from volume bleed-off tests conducted at baseline 
conditions when the pipe is unblocked and at later times when the pipe is blocked. The 
blockage factor then becomes: 
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Momentum-Balance Approach 
The momentum-balance approach is based on the fact that a blockage reduces the 
hydraulic diameter of a pipe and increases the frictional pressure losses. The basic 
equations are: 
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  ...................................................................................... (13) 
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Substituting the expression for friction factor and further manipulation yields: 
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where δw is the wax thickness. 
 
This method, originally reported by Weingarten and Euchner,32 has been used 
successfully in experimental work by several investigators to determine wax thickness 
and wax appearance temperature.  
 
From Eq. 14, Scott and Satterwhite1 developed the backpressure technique of monitoring 
partial blockages in pipelines. 
 
The backpressure equation for a single-phase liquid is given by: 
 
Q = J (P1 − P3) n .................................................................................. (16) 
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For a partially blocked pipe, the expression becomes: 
 
Q = JFFB (P1 − P3) n,............................................................................ (17) 
 
where the constant J and the exponent n have different expressions for fully rough flow 
and smooth pipe. 
 
They defined the friction-based factor (FFB) by writing out Eq. 14 for both the partially 
blocked and unblocked sections of a pipeline. Eq. 18 gives the expression for FFB for 
fully rough flow and Eq. 19 for smooth pipe; 
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This blockage factor (FFB) represents the effect of the blockage evidenced by a very 
subtle deviation of the backpressure plot from the characteristic linear baseline response. 
Multirate tests are used to determine the baseline values of J and n to be able to separate 
out the friction-based factor as blockages develop. 
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The volume- and momentum-balance approaches can each be used to detect blockages 
in pipelines, but the actual characterization of the blockage requires the simultaneous 
solution of the volume- and friction-based factor equations (Eqs. 12 and 18 or 19) for 
blockage length (LB) and diameter (dB). 
 
Energy-Balance Approach 
The third approach, which is the focus of this research, is based on a heat balance. This 
is a novel approach that has been explored by such investigators as Kaminsky to 
interpret preliminary test data from the Wax Joint Industry Project currently underway at 
the University of Tulsa.2 
 
The heat-balance approach is based on the concept that blockage resulting from the 
deposition of a wax layer contributes an additional layer of resistance to heat flow. This 
wax layer has an insulating effect that can be detected in the observed temperature drop 
from the inlet to the outlet of the pipeline. This insulating effect, quantified by the 
deviation of the observed temperature drop from the expected temperature drop, is 
directly related to the thickness and thermal conductivity of the wax deposited. 
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The original model,2 which serves as the building block of this research, is shown below: 
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where  qo  = Heat lost to the surroundings,  
 hi  = Internal film heat transfer coefficient,  
ho = Outside film heat transfer coefficient,  
kp = Thermal conductivity of the pipe,  
kw = Thermal conductivity of wax layer, and 
 δw = Wax thickness.   
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THE HEAT-BALANCE MODEL FOR A FULLY-BLOCKED PIPELINE 
The base relations are summarized below (see Appendix A for details of development of 
the model). 
 
1) Fundamental Heat-Balance equation 
 
∆Q = Qin − Qout = 0.............................................................................. (21) 
 
where ∆Q = Change in heat energy, 
            Qin = Heat energy entering the pipe, and  
           Qout = Heat energy leaving the pipe. 
 
2) Heat Loss Components 
 
Qout = Q  = Q1 = Q2 = Q3 = Q4 ............................................................. (22) 
 
where Q1 = Internal convection (from the fluid), 
           Q2 = Conduction through the wax layer, 
     Q3 = Conduction through the pipe wall, and 
     Q4 = External convection (to the ambient air). 
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3) Heat Loss Expression 
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4) Heat Input (Qin) 
 
mpin dTCmqQ &==  ............................................................................ (24) 
 
5) Intermediate Heat-Balance Expression 
 
( ) TPdxUTUAAqdTCm mp ∆=∆=′′=& , .............................................. (25) 
 
where P is the perimeter of the pipe. 
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6) Intermediate Heat-Balance Expression (after integration) 
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7) Mass Flow Rate Expression 
 
 flowQm ρ=& .......................................................................................... (27) 
 
8) Heat-Balance Model 
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9) Final Heat-Balance Model for a Fully-Blocked Pipeline (expressed as a temperature       
    drop) 
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With this model, given a certain wax thickness and other pipe and ambient properties, 
the temperature drop of the fluid from inlet to outlet can be estimated. 
 
TEMPERATURE SKIN FACTOR FOR A FULLY-BLOCKED FLOWLINE 
The concept of skin from the reservoir has been extended to pipe flow, in which case 
skin refers to any blockage that obstructs pipe flow. From a pressure drop analysis, the 
skin consists of an additional pressure drop term that increases the overall pressure drop 
in the pipe. Similarly, a skin factor can be derived from a temperature drop analysis, 
where the skin in this case would account for the insulating effect of the wax layer. The 
skin term would directly affect the overall heat transfer coefficient (U ) and in this case, 
would have an inverse relationship to the observed temperature drop from pipe inlet to 
pipe outlet. The skin term can be extracted from a comparison of the overall heat transfer 
coefficient expression written for an unblocked and blocked pipeline. 
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The heat transfer expressions for a blocked and unblocked pipe are given by Eqs. 31 and 
32 respectively. 
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For an unblocked pipe, where δω = 0, 
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Comparing the two equations, we can extract a skin factor from the denominator of the 
expression for the blocked pipe as; 
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The general expression for the heat transfer coefficient including the skin factor is: 
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The unit of this skin factor is m2K/W. There is a direct relationship between the size of 
blockage (δw) and the skin factor. The greater the blockage, the greater the skin factor 
and the lower the temperature drop, as can be seen from the general expression for the 
blocked pipe. 
 
GRAPHICAL REPRESENTATION OF HEAT-BALANCE MODEL FOR A 
FULLY-BLOCKED PIPELINE 
 
Flowline and Fluid Properties 
These relationships can be illustrated graphically for an actual pipeline. The pipeline is 
assumed to be fully-blocked, i.e. there is a blockage of uniform circumferential and 
longitudinal thickness that extends along the entire pipeline length. The characteristics of 
a North Sea pipeline selected from the work of Labes-Carrier10 are summarized in Table 
1. 
 
Table 1−Characteristics of North Sea Pipeline Selected 
Parameter Value 
Pipe Length 43 km 
Pipe ID 0.38 m 
Pipe OD 0.4054 m 
Material Stainless Steel 
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Arbitrary, but realistic values selected for the fluid properties (oil and air) are 
summarized in Table 2. 
 
 
 
Table 2−Fluid Properties 
Property Oil Ambient Air 
Density (ρ), kg/m3  875.32        1.271  
Viscosity (µ), cp      1.0603        0.01748 
Specific Heat Capacity (Cp), J/kgK 1890  1005 
Thermal Conductivity (k), W/mK       0.18       0.02465  
 
 
 
The thermal conductivity of the wax (kw) is assumed to be equal to 0.25 W/mK. 
 
Convective Heat Transfer Coefficients 
Internal Convective Coefficient (hi): It is estimated from the Dittus-Boelter 
correlation.31  
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where n = 0.3 for cooling and 0.4 for heating (cooling is assumed; i.e., Ts < Tm), NNU is 
the Nusselt number, NPR the Prandtl number, and NRE the Reynolds number. The Dittus-
Boelter33 correlation is applicable within the specified ranges below: 
10
000,10N
160N7.0
RE
PR
≥
≥
≤≤
D
L
 
 
External Convective Coefficient (ho): The simplest case scenario is considered here 
with the pipeline elevated 1 m above ground level and standing in ambient air of velocity 
less than 0.5 m/s. In this case, natural convection dominates and the recommended 
PIPESIM value for ho of 4 Wm-2K-1 is used.9 
 
The ambient air temperature was taken as 0oC and the pipe wall surface temperature as 
32oC. The bulk fluid temperature at the inlet (Tmi) was taken as 35oC and all fluid 
thermodynamic properties were evaluated at this temperature with the assumption that 
the variation from pipe inlet to outlet is small. 
 
The graphical results for variations in skin factor and flow rate are presented in Figs. 3 
to 6. 
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Fig. 3−Temperature drop variation with flow rate (Cartesian plot). 
 
 
 
Fig. 4−Temperature drop variation with flow rate (back-temperature plot).  
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Fig. 5−Temperature drop variation with skin factor.  
 
 
Fig. 6−Outlet temperature variation with flow rate and blockage. 
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Discussion 
Fig. 3 shows that the greater the flow rate, the lower the temperature drop because 
higher flow rates imply greater volumes of fluid, higher heat contents (mCp) and a 
greater overall retention of heat in the system. At higher flow rates, the heat transfer 
(loss) rate is lower and therefore the temperature drop from pipe inlet to outlet is lower. 
This is consistent with results obtained by Golzynski and Niesen;34 they state, At lower 
flowrates, the temperature losses to the environment will be increased, as there is less 
input to the system. The lower flowrates contribute less overall thermal mass to the 
system, and, as such, cannot maintain the high temperatures as easily as the flowrates 
do. 
 
Fig. 4, essentially a back temperature representation of the information in Fig. 3, 
depicts the effect of a uniform blockage on fluid flow in a pipeline as a departure from 
the zero-blockage line. A blockage in a pipeline will manifest on a back-temperature 
plot as a shift in trend below the zero-blockage line: the greater the blockage, the greater 
the shift. The shift is as a result of the insulating effect of the wax blockages deposited. 
As the blockage increases in cross-sectional area, it reduces the overall heat loss rate 
causing the temperature drop from pipe inlet to outlet to decrease. 
 
Fig. 5 clearly illustrates the inverse relationship between temperature drop from pipe 
inlet to outlet and skin factor. As the skin factor increases, the temperature drop 
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decreases. Also, at higher flow rates, the temperature drop is more sensitive to skin 
factor than at lower flow rates. 
 
Fig. 6 shows the variation in outlet temperature with flow rate with different extents of 
blockage. Clearly, the outlet temperature is higher than expected when a blockage is 
present. The difference between the inlet temperature and the observed outlet 
temperature is a function of flow rate and blockage extent: the greater these two factors, 
the higher the outlet temperature and consequently, the lower the temperature drop. 
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THE HEAT-BALANCE MODEL FOR A PARTIALLY-BLOCKED PIPELINE  
The base relations are summarized below (see Appendix C for details of development of 
the model). 
 
1) Intermediate Heat-Balance Equation (see Eq. A-39 in Appendix) 
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2) Intermediate Heat-Balance Equation (written for the blocked section of pipe) 
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3) Intermediate Heat-Balance Equation (written for the unblocked section of pipe) 
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4) Heat-Balance Model  
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 (42) 
 
5) Final Heat-Balance Model for a Partially-Blocked Pipeline (expressed as a  
    temperature drop) 
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TEMPERATURE SKIN FACTOR FOR A PARTIALLY-BLOCKED FLOWLINE 
Eq. 42 is the heat model expression for a partially blocked pipe. For an unblocked pipe, 
LB = 0 and Eq. 42 is simplified to Eq. 45. 
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Comparing Eqs. 42 and 45 reveals an extra term, which accounts for the blockage. 
Again, this is the skin factor for a partial blockage in a flowline. It can be written as: 
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The heat model for a partially blocked pipe contains two unknowns, rB and LB. This 
model requires that either rB or LB be known either from the momentum- or the mass- 
balance approach; or the mass- or momentum-balance equation be solved 
simultaneously with the heat-balance equation for rB and LB. 
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The expression for skin factor reveals a direct relationship between the skin factor and 
the blockage length. The skin factor is observed to always be negative. The graphical 
results showing variations in parameters such as flow rate and blockage length for a 
partially-blocked pipeline are presented in Figs. 7 through 18. 
 
GRAPHICAL REPRESENTATION OF HEAT-BALANCE MODEL FOR A 
FLOWLINE WITH A LOCALIZED BLOCKAGE AT INLET 
 
Fig. 7−Temperature drop variation with blockage length and cross-sectional area (1000 m3/d).  
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Fig. 8−Temperature drop variation with blockage length and cross-sectional area (2000 m3/d). 
 
 
Fig. 9−Temperature drop variation with blockage length and cross-sectional area (4000 m3/d). 
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Fig. 10−Temperature drop variation with blockage length and cross-sectional area (8000 m3/d). 
 
  
Fig. 11−Temperature drop variation with blockage length and flow rate (10% blockage).  
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Fig. 12−Temperature drop variation with blockage length and flow rate (50% blockage).   
 
 
Fig. 13−Temperature drop variation with blockage length and flow rate (90% blockage). 
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Fig. 14−Temperature drop variation with dimensionless blockage radius and length (1000 m3/d). 
 
 
Fig. 15−Temperature drop variation with dimensionless blockage radius and length (2000 m3/d). 
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Fig. 16−Temperature drop variation with dimensionless blockage radius and length (4000 m3/d). 
 
 
Fig. 17−Temperature drop variation with dimensionless blockage radius and length (6000 m3/d). 
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Fig. 18−Temperature drop variation with dimensionless blockage radius and length (8000 m3/d). 
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Discussion 
The same insulating effect of the wax layer from the fully-blocked pipeline appears for 
the partially blocked pipeline; the greater the wax length, the lower the temperature drop 
from inlet to outlet, hence the greater the insulation. Also, the greater the flow rate, the 
less the temperature drop. At higher flow rates, the greater amount of fluid volume per 
unit pipe volume provides a greater surface area and heat capacity. The insulating effect 
observed at higher flow rates has less to do with the deposited wax and more to do with 
the greater heat content of the fluid. 
 
At low flow rates and for short blockages (0-20,000m), the effect of dimensionless 
blockage radius, in other words, the cross-sectional area available for flow, on 
temperature drop cannot be detected. Only extremely long blockages (40,000 m) show a 
variation in temperature drop with blockage radius. As flow rate increases, the effect of 
blockage radius on temperature drop for shorter blockages becomes more apparent. 
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THE DIMENSIONLESS HEAT-BALANCE MODEL FOR A PARTIALLY-
BLOCKED PIPE 
The base relations are summarized below (see Appendix E for details of development).  
 
1) The Dimensionless Heat-Balance Model for a Partially-Blocked Pipe 
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2) The Dimensionless Temperature-Based Blockage Factor (FTB)                                                                   
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 (48)      
      
                                   
The dimensionless temperature drop factor (FTB) also called the dimensionless 
temperature-based blockage factor defined in Eq. 48 has three unknowns: rBD, LBD and 
TD. Two of these unknowns must be determined from the mass- and momentum-balance 
equations or experimentally for Eq. 48 to be useful. An example of the usefulness of FTB 
is shown by a graphical solution of the heat- and momentum-balance models for an  
arbitrary case in Fig. 19. Graphical plots of equations 47 and 48 for certain values of 
flow rate and blockage radii are also presented in Figs. 20 through 25. 
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GRAPHICAL SOLUTION OF HEAT- AND VOLUME-BALANCE MODELS 
Suppose we consider an average flow rate of 8000 m3/d of crude oil with properties as 
summarized in Table 2 flowing through the same North Sea pipeline described in Table 
1.  If FVB is determined to be 0.75 from volumetric tests and FTB is calculated as 0.2 from 
Eq. 48 using temperature measurements and fluid properties, the graphical solution of 
the volume-balance and heat-balance equations is shown in Fig. 19. There is a unique 
solution of blockage parameters that satisfy both models; they are LB = 13,760m and DB 
= 0.1672m (equivalent to 77% cross-sectional blockage). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19−Graphical solution of heat- and volume-balance models for blockage characterization of 
an arbitrary case. 
 
 
 
Dimensionless Blockage Length vs. Dimensionless Blockage Radius (Q = 8000 sm3/d)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
rBD
L B
D FTB = 0.2
FVB = 0.75
LBD = 0.32, LB = 13,760 m  
rBD = 0.44 DB = 0.1672 m  
Blockage cross-sectional area = 77%
Blockage Length = 32% 
  
51
 
DIMENSIONLESS TEMPERATURE DROP BLOCKAGE MAPS 
Fig. 20−Dimensionless temperature drop blockage map (2000 m3/d). 
 
 
Fig. 21−Dimensionless temperature drop blockage map (4000m3/d). 
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Fig. 22−Dimensionless temperature drop blockage map (8000 m3/d). 
 
 
Fig. 23−Dimensionless temperature drop factor blockage map (2000 m3/d). 
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Fig. 24− Dimensionless temperature drop factor blockage map (4000 m3/d). 
 
 
Fig. 25−Dimensionless temperature drop factor blockage map (8000 m3/d). 
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Discussion 
The usefulness of these blockage maps comes in when armed with either the 
dimensionless blockage radius rBD or dimensionless blockage length LBD from other 
approaches and the average flow rate of the operational pipeline. This is illustrated in 
Fig. 19, which shows the graphical solution of FTB and FVB to determine the blockage 
parameters; LB and rB.  
 
The dimensionless temperature drop maps show increased sensitivity of TD to LBD as 
flow rate increases while the dimensionless temperature drop factor maps FTB essentially 
appear the same for all flow rates but have subtle differences in the actual values used to 
generate the plots.  
 
Note:  




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−=
100
1 BrBD  
 
where B = Blockage, %. 
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UNCERTAINTY IN BLOCKAGE CHARACTERIZATION 
There is some uncertainty associated with the temperature measurements and all the 
other measured physical properties of the system. The uncertainty is related to the 
detectable blockage characteristics such as blockage length and diameter and therefore 
requires some investigation. 
 
An arbitrary case of FTB = 2.2 and FVB = 0.75 is chosen. Fig. 26 is a blockage map 
depicting the effect of uncertainty on temperature-based (FTB) and volume-based factors 
(FVB). Figs. 27 through 29 depict the variation in dimensionless blockage length with 
dimensionless blockage radius as well as the graphical solution of blockage parameters 
for the cases of a 10%, 25% and 50% uncertainty in FTB and FVB for the case chosen. 
 
Fig. 26−Blockage map showing detectable blockage regions. 
Blockage Map 
0
0.5
1
1.5
2
2.5
0 10 20 30 40 50 60
Maximum Uncertainty, %
F T
B
, F
VB FTB
FVB
Detectable
Detectable
Non-Detectable
Non-Detectable
  
56
 
Fig. 27−Graphical solution of heat- and volume-balance models for blockage characterization 
incorporating 10% uncertainty. 
 
 
Fig. 28−Graphical solution of heat- and volume-balance models for blockage characterization 
incorporating 25% uncertainty. 
Dimensionless Blockage Length vs. Dimensionless Blockage Radius
10% Uncertainty in FTB and FVB
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60
rBD
L B
D  FTB
FVB
Solution
Dimensionless Blockage Length vs. Dimensionless Blockage Radius
25% Uncertainty in FTB and FVB
0.0
0.2
0.4
0.6
0.8
1.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60
rBD
L B
D FTB
FVB
Solution
  
57
 
Fig. 29−Graphical plot of heat- and volume-balance models for blockage characterization 
incorporating 50% uncertainty. (No solution) 
 
Discussion 
The blockage map in Fig. 26 shows the ranges of FTB and FVB for an arbitrary case where 
the blockage can be detected assuming some level of uncertainty in the measurements of 
the physical properties of the system.  Figs. 27 through 29 show that the possibility of 
characterizing a blockage by obtaining solutions of blockage parameters decreases with 
increasing uncertainty. 
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MODEL VERIFICATION 
The model requires experimental verification, but because no facilities were available 
for this, the verification was restricted to the use of PIPESIM, a pipeline simulation 
software with inherent limitations that require that caution be exercised when making 
comparisons between its results and those from the model developed.  
 
PIPESIM VERIFICATION 
The pipeline was built with a source supplying the inlet temperature and pressure at one 
end and a boundary node at the other end, which provides the unknown outlet 
temperature used to calculate the temperature drop across the pipe. 
 
 
Fig. 30−PIPESIM network built for comparison of results with heat model. 
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PIPESIM INPUT DATA 
The input data into PIPESIM is summarized in Tables 3 and 4. 
 
Table 3−Pipeline Input Data to PIPESIM 
Inlet Pressure 5000 psia 
Inlet Temperature 35 oC 
Pipe length 43 km 
Inner Diameter 0.38 m 
Outer Diameter 0.4054 m 
Ambient Temperature 0 oC 
Pipe Thermal Conductivity 43.25 W/mK 
 
 
 
Table 4−Fluid Input Data to PIPESIM 
GOR 300 scf/STB 
API 30 
Wax Thermal Conductivity 0.25 W/mK 
 
 
The wax deposition module in PIPESIM, a separate module requiring BP or Shell 
security is unavailable for unlicensed users. This problem was circumvented by using the 
detailed pipeline description to model the wax layer as a coating of insulation, but with 
the thermal conductivity of the wax. 
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GRAPHICAL COMPARISON OF PIPESIM AND MODEL PREDICTIONS 
The wax thickness was varied and the simulation was run for various inlet-pressure and 
flow-rate combinations. The software was unable to simulate certain combinations of 
blockage and flow conditions, most likely because the pressure was insufficient for the 
prescribed flow rate. The results are presented as Figs. 31 through 53. 
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Fig. 31−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (1000 m3/d).  
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Temperature Drop vs. Wax Thickness 
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Fig. 32−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (1000 m3/d). 
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Fig. 33−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (2000 m3/d). 
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Temperature Drop vs. Wax Thickness 
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Fig. 34−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (2000 m3/d). 
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Fig. 35−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (3000 m3/d).  
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Temperature Drop vs. Wax Thickness
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Fig. 36−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (3000 m3/d). 
 
 
Temperature Drop vs. Wax Thickness
10
100
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Wax Thickness, m
∆T
, K Pipesim
Model
Q = 4000 m3/D
 
Fig. 37−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (4000 m3/d)  
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Temperature Drop vs. Wax Thickness
5
10
15
20
25
30
35
40
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Wax Thickness, m
∆T
, K Pipesim
Model
Q = 4000 m3/D
 
Fig. 38−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (4000 m3/d). 
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Fig. 39−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model −semi log plot (5000 m3/d) 
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Temperature Drop vs. Wax Thickness
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Fig. 40−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (5000 m3/d). 
 
 
Temperature Drop vs. Wax Thickness
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Fig. 41−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (6000 m3/d). 
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Temperature Drop vs. Wax Thickness
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Fig. 42−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (6000 m3/d). 
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Fig. 43−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (7000 m3/d). 
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Temperature Drop vs. Wax Thickness
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Fig. 44−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (7000 m3/d).  
 
 
 
Fig. 45−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − semi log plot (8000 m3/d). 
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Fig. 46−Comparison of temperature drop variation with wax thickness predicted by PIPESIM 
and Model − Cartesian plot (8000 m3/d). 
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Fig. 47−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.01 m).  
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Temperature Drop vs Flow Rate 
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Fig. 48−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.03 m).  
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Fig. 49−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.05 m).  
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Temperature Drop vs Flow Rate 
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Fig. 50−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.06 m).  
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Fig. 51−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.07 m).  
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Temperature Drop vs Flow Rate
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Fig. 52−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.08 m).  
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Fig. 53−Comparison of temperature drop variation with flow rate predicted by PIPESIM and 
Model (Wax Thickness = 0.09 m).  
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Discussion of Results 
Overall, the match between the PIPESIM and model predictions is good. However, for 
all conditions of wax thickness and flow rate, the actual temperature drop simulated by 
PIPESIM is consistently lower than the temperature drop predicted by the model. This 
implies that the model is actually under-predicting the insulating effect of the wax layer. 
 
 There are two distinct regions where the match is poor: the first one is at low flow rates 
and thin layers of wax deposited and the second is at high flow rates and thick wax 
layers. For the first region, the PIPESIM prediction shows an overall inconsistent trend, 
which the model fails to match. At very low flow rates, (implying very low thermal 
masses) and without the benefit of the effect of pressure as modeled by PIPESIM, the 
model predicts a complete loss of heat energy coming into the pipe. The model does not 
take into account the effect of inlet pressure; and this, combined with the low thermal 
mass flowing in a very long pipeline results in a complete loss of heat energy into the 
system; to the extent that the insulating effect of the wax becomes negligible and the 
discrepancy between the temperature drop predicted by the model and PIPESIM is much 
wider in this region. This seems to indicate that for a given pipeline system, there is a 
minimum thermal heat content input required for accurate comparison of temperature 
drop predictions. 
 
For the second region, the increasing wax thicknesses imply a reduction in effective 
cross-sectional area for flow; and this, combined with increasing flow rates results in 
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increased frictional heating, which the model fails to capture, making it predict higher 
temperature drops than PIPESIM. The dynamic PIPESIM simulation takes into account 
parameters such as pressure and friction factor, which are able to model this effect. The 
model does not incorporate these factors and this may be one of the major causes of the 
discrepancy between the results at the second extreme condition. 
 
Clearly, there may be regions of flow and blockage conditions for which the model is 
inapplicable. These regions of inapplicability must be investigated to determine the 
limits of the model and ensure its robustness. This model might require tuning, like an 
equation of state, for the unique conditions of the operational pipeline, to improve its 
ability to accurately reproduce the expected temperature drop for a given layer of 
deposited wax. 
 
The approach used here of adding the wax layer as a coating may also be a limitation. 
Investigating the model using an actual wax deposition module that incorporates the 
mechanisms of wax deposition such as diffusion and shear dispersion would provide 
simulated results that are more representative of wax deposition conditions in a pipeline, 
and help assess and improve the accuracy of the model predictions. 
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CONCLUSIONS 
1) The heat model developed here is theoretically consistent. It correctly predicts the 
insulating effect of wax deposited in a pipeline by relating the thickness of wax 
deposited to the observed temperature drop, which is consistently lower than the 
temperature drop that would result if no wax blockage were present. 
2) A temperature-based factor (FTB) similar to the volume-based factor (FVB) and 
friction-based factor (FFB) was developed and correlated to blockage length and 
effective pipe diameter for a partially blocked pipeline. Dimensionless blockage 
maps developed here for unique flow conditions require knowledge of at least two of 
the three unknown variables (dimensionless blockage radius, length and temperature 
drop) to determine the third variable. 
3) A back-temperature plot is developed similar to a backpressure plot but with a 
negative slope. The effect of a uniform blockage can be seen on a back-temperature 
plot as a shift in trend below the zero-blockage line (for the baseline case). The 
greater the blockage, the greater the departure from the zero-blockage line. 
4) The overall reduction in temperature drop from pipe inlet to outlet is actually the 
result of the combined effect of the insulation from the wax layer and the flow rates. 
It is observed that for a fixed blockage, the temperature drop from pipe inlet to outlet 
decreases with increasing flow rate. This is because higher flow rates imply greater 
volumes of fluid, higher heat contents (mCp), a greater overall retention of heat in the 
system and a lower temperature drop from inlet to outlet.  
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5) A skin factor is developed as the extra term in the denominator of the overall heat 
transfer coefficient for a blocked pipeline. The skin factor accounts for the insulating 
effect of the blockage and has an inverse relationship to the temperature drop from 
pipe inlet to outlet.  
6) It is also noted that the temperature drop is more sensitive to skin factor or the effects 
of blockage at higher flow rates than at lower flow rates. At low flow rates and for 
short blockages (0-20,000 m), the effect of blockage radius (the cross-sectional 
area available for flow) on temperature drop cannot be detected. Only extremely long 
blockages (40,000 m) show a variation in temperature drop with blockage radius. As 
flow rate increases, the effect of blockage radius on temperature drop for shorter 
blockages becomes more apparent. 
7) Overall, there is a good match between the temperature drop predictions from the 
model and PIPESIM simulation. The results from the model are consistently lower 
than the PIPESIM predictions indicating that the model is under-estimating the 
insulating effect of the deposited wax.  
8) It is also noted the match between the model and PIPESIM seems to be optimal for 
certain regions of flow conditions, possibly indicating that the model has regions of 
applicability that must be further investigated.  
9) There appear to be two distinct regions where the match between the model and 
PIPESIM is poor: the first one is at low flow rates and thin layers of wax deposited 
and the second is at high flow rates and thick wax layers. Low flow rates imply low 
thermal heat content into the system, which for extensive pipeline lengths, result in a 
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complete loss of heat energy, if inlet pressure is unaccounted for. The difference 
between the temperature drop predictions by PIPESIM and the model is that 
PIPESIM, unlike the model, incorporates inlet pressure, which provides a pressure 
boost minimizing temperature drop along the pipeline. This results in PIPESIM 
predicting temperature drops that are consistently lower than the model predictions 
in this region.  
For the second region, the combination of high flow rates and high wax thickness 
result in increased frictional heating, accounted for by the PIPESIM simulation, but 
unaccounted for in the model. The increased frictional heating results in a lower 
system heat loss and a lower temperature drop prediction by PIPESIM. 
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RECOMMENDATIONS 
1) Improvement of the accuracy of the model may be achieved by investigating and 
incorporating the effects of: 
a. Variation of fluid physical properties (such as µ and ρ) with temperature and 
pressure, 
b. Friction on temperature drop for severely restricted pipes, 
c. Sensitivity of the model to the internal convective heat transfer coefficient (hi). 
The Dittus-Boelter correlation used in this study is noted to have errors as large 
as 25%. 
2) The model requires rigorous investigation to determine its regions of validity. The 
ideal approach would be experimental validation.  
3) The model needs to be extended to multiphase flow. 
4) In the absence of experimental validation, a license for the Wax Deposition module 
of PIPESIM should be sought to enable a more realistic simulation of wax 
deposition, to enable validation of this model. 
5) The possibility of becoming part of the Joint Industry Project on Paraffin Deposition 
Prediction in Multiphase Flowlines and Wellbores headed by the University of Tulsa 
should be explored. This would enable access to the large resources of information 
already available. 
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PROPOSED EXTENSION TO MULTIPHASE FLOW 
The model has been developed for single phase flow applications but requires extension 
to multiphase flowing conditions to gain widespread relevance and usefulness. The 
multiple phases would affect the internal convective heat transfer coefficient (hi). The 2-
phase internal convective heat transfer coefficient (hi2-φ) would be a function of the flow 
regime and liquid hold-up. The hi for each phase would need to be determined from 
correlations; and weighted by the liquid hold-up (such as density, viscosity and other 2-
phase properties) to obtain the two-phase internal convective heat transfer (hi2-φ). 
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NOMENCLATURE 
Tamb = Ambient air or sea temperature  
B = Blockage (%) 
Tm = Bulk fluid temperature  
h = Convective heat transfer coefficient 
ρ = Density 
d = Diameter 
n = Exponent 
f = Fanning friction factor 
v = Fluid velocity 
FFB = Friction-based blockage factor 
c = Friction coefficient 
R  =  Gas constant  
Q = Heat energy 
L = Length 
.
m  = Mass flow rate 
U  = Overall heat transfer coefficient 
P  =  Pressure 
r = Radius 
S = Skin factor 
Cp = Specific heat capacity 
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A = Surface area 
T  = Temperature 
FTB = Temperature-based blockage factor 
k = Thermal conductivity 
δ = Thickness 
µ = Viscosity 
V  =  Volume  
FVB = Volume-based blockage factor 
Qflow,  = Volumetric flow rate 
 
Subscripts and superscripts 
B = Blocked pipe (or blockage for LB) 
D = Dimensionless 
o = External/outside pipe wall (or outlet)  
f = Friction 
i = Internal/inside pipe wall (or inlet) 
L = Liquid 
w = Wax  
P = Unblocked pipe 
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APPENDIX A 
DEVELOPMENT OF THE HEAT-BALANCE MODEL FOR A 
FULLY-BLOCKED PIPELINE 
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Consider Fig. A-1 depicting a pipeline of length Lp blocked along its entire length such 
that LB = Lp. The fluid flowing internally has the properties shown below and the pipeline 
is exposed to ambient air conditions. 
 
                             
 
 Fig. A-1−Schematic of a pipeline fully-blocked along its entire length. 
 
Assumptions 
1) Single-phase liquid. 
2) Steady-state conditions. 
3) Pipe of uniform radial geometry. 
4) Wax thickness uniform over entire length of pipe. 
5) Non-adiabatic system. 
 
 
 
External Flow
Tamb, ho
Internal Flow
Tmi, hi
ro
Lp = LB
kp
kw
ri−δw
ri
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Taking a heat balance; 
 
∆Q = Qin − Qout ................................................................................. (A-1) 
 
where ∆Q is the change in heat energy, Qin the heat energy entering the pipe, and Qout 
the heat energy leaving the pipe. 
 
The change in heat energy is predominantly made up of heat losses from conduction, 
convection and radiation. The expressions for each component of the heat loss from the 
system can now be evaluated independently. 
 
For now, lets take a unit volume element of the pipe and assume that the bulk fluid 
temperature is uniform and equal to Tm. (Note the wax thickness is ∂w). 
 
The system above could be reduced to an equivalent electrical circuit: 
 
 
                                   Q1                      Q2                         Q3                        Q4                                             
      Q      Tmi                           Ts1                      Ts2                        Ts3                          Tamb 
                 •                              •                          •                           •                             • 
 
 
Fig. A-2−Illustration of thermal circuit represented as equivalent electrical circuit.  
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The heat energy across the unit volume element is made up of 4 components; 
1) Q1  internal convection (from the fluid). 
2) Q2  conduction through the wax layer. 
3) Q3  conduction through the pipe wall. 
4) Q4  external convection (to the ambient air). 
 
We note that: 
 Qout = Q = Q1 = Q2 = Q3 = Q4........................................................... (A-2) 
 
For a radial system, 
The convective heat component is given by Eq. A-3, 
 
ThAQ ∆= ................................................................................................. (A-3) 
 
and Eq. A-4 gives the conductive heat component. 
 





∆
==
i
o
r
r
TLk
dr
dTkAQ
ln
2π
................................................................. (A-4)    
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The overall temperature gradient from the pipe inlet to the ambient conditions is given 
by: 
 
( ) ( ) ( ) ( )amb332211mi TTsTsTsTsTsTsTTT iamb −+−+−+−=− ... (A-5) 
 
Each temperature gradient may be expressed in terms of a resistance. 
 
R
QT =∆ .......................................................................................... (A-6) 
 
Eq. A-5 can then be expressed as Eq. A-7: 
 
Ah
Q
Lk
r
rQ
Lk
r
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QTTT
op
i
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w
wi
i
itot
amb +





+





−∂
+==−=∆
ππ 2
ln
2
ln
mi (A-7) 
 
This can be further simplified to Eq. A-8: 
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−
=
ππ
 ............... (A-9) 
 
Eq. A-9 is the general expression for the heat loss from a unit volume element of pipe 
with a fluid flowing through it. It can be further simplified by substituting the 
expressions for the internal and external surface areas. 
 
poo LrA π2= ................................................................................ (A-10) 
 
pii LrA π2= ................................................................................. (A-11) 
 
Eq. A-9 becomes: 
 
( ) opop
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o
w
wi
i
ipwi
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ππππ 2
1
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1
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−
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Basing the heat flow on the external area of the pipe yields: 
 
qLrAqQ po ′′=′′= π2 , .................................................................... (A-13) 
 
where qý is the heat flux (heat flow per unit area). 
 
Substituting equation (A-13) into (A-12) yields: 
 
( ) opop
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ipwi
miamb
po
hLrLk
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TTqLr
ππππ
π
2
1
2
ln
2
ln
2
1
2
+





+





−∂
+
∂−
−
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TT
q
1lnln ++
−∂
+
∂−
−
=′′ ..................... (A-15) 
 
Eq. A-15 is the final expression for the heat flux from a unit volume element of pipe. 
However, we know that the temperature of the fluid will vary from inlet to outlet over 
the entire pipeline; and it is this gradient (Tmi  Tmo) that we are interested in, so we need 
to do some further manipulation: 
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We can rewrite Eq. A-15 in general terms as: 
 
TUAQ ∆= ................................................................................. (A-16) 
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where U is the overall heat transfer coefficient and;  
 
∆T = Tamb − Tmi................................................................................ (A-18) 
 
For the entire pipe, the overall heat input is given by: 
mpin dTCmqQ &==  ........................................................................ (A-19) 
 
Therefore, 
( ) TPdxUTUAAqdTCm mp ∆=∆=′′=& , ....................................... (A-20) 
 
where P is the perimeter of the pipe. 
 
( ) ( )[ ] ( )TdTTTTTTdT moambmiambmomim ∆−=−−−−≡−= .. (A-21) 
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From Eq. A-20; 
 
( ) TU
Cm
P
dx
Td
dx
dT
p
m ∆=∆−=
&
 ................................................... (A-22) 
 
Separating variables and integrating from inlet to outlet yields: 
 
( ) dxU
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P
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Td po
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............................................................. (A-23) 
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Multiplying both sides by (∆To − ∆Ti) yields: 
 
( ) lms
i
o
io
iop TAU
T
T
TTAUTTCmQ ∆−≡
∆
∆
∆−∆
−=∆−∆=
ln
&  , .................. (A-26) 
 
  
93
 
           
i
o
io
lm
T
T
TTT
∆
∆
∆−∆
=∆
ln
, ..................................................................... (A-27) 
 
where U  is the overall heat transfer coefficient and lmT∆  the logarithmic mean 
temperature difference. 
  
Basing the overall heat transfer coefficient on the outside surface area, 
 
poo LrA π2=  ................................................................................ (A-28)     
                                                                                                    
ULrAUU pooo π2== ................................................................... (A-29) 
 
where oU  is the overall heat transfer coefficient based on the external surface area. 
Equating Eqs. A-17 and A-29, 
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This simplifies to Eq. A-31:     
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Going back to Eq. A-26, the temperature gradients can be expanded as follows: 
 
 ∆To = Tamb - Tmo............................................................................... (A-32) 
 ∆Ti = Tamb - Tmi ................................................................................ (A-33) 
 
Substituting Eqs. A-32 and A-33 into A-26 yields: 
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Defining the mass flow rate, 
 
 flowQm ρ=& ...................................................................................... (A-35) 
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The pipe wall resistance, though negligible when compared to the other resistances 
because its thermal conductivity (kp) tends to infinity, is included in all calculations. 
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Eq. A-39 can be expressed simply as: 
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poo LrA π2= , is based on the pipe external surface area and Cp is the specific heat 
capacity of the oil.                  
                                  
Eq. A-41 can be further manipulated to yield a temperature drop: 
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Eq. A-44 gives the final heat-balance model for a fully-blocked pipeline. 
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APPENDIX B 
EXCEL SPREADSHEET FOR THE HEAT-BALANCE MODEL FOR 
A FULLY-BLOCKED PIPELINE AND DATA FOR FIGS. 3 AND 6 
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Temperature Drop Variation with Flow Rate for a Fixed Cross-Sectional Area (Fig. 5) 
 
Blockage, % 0 10 50 75 90
Q, m3/d
1000 34.999 34.997 34.820 33.927 31.838
2000 34.861 34.697 32.551 28.918 24.507
3000 34.150 33.559 29.091 24.122 19.332
4000 32.876 31.831 25.804 20.442 15.850
5000 31.307 29.902 23.000 17.657 13.398
6000 29.649 27.992 20.666 15.509 11.591
7000 28.020 26.198 18.724 13.812 10.207
8000 26.477 24.553 17.094 12.442 9.116
∆T
 
 
 
Predicted Outlet Temperatures with Varying Blockage vs. Expected Outlet Temperature 
(Fig. 8) 
 
Expected Tmo, K
B = 0% B = 10% B = 50% B = 75% B = 90%
273.001 273.003 273.180 274.073 276.162
273.139 273.303 275.449 279.082 283.493
273.850 274.441 278.909 283.878 288.668
275.124 276.169 282.196 287.558 292.150
276.693 278.098 285.000 290.343 294.602
278.351 280.008 287.334 292.491 296.409
279.980 281.802 289.276 294.188 297.793
281.523 283.447 290.906 295.558 298.884
Predicted Tmo, K
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APPENDIX C 
DEVELOPMENT OF THE HEAT-BALANCE MODEL FOR A 
PIPELINE WITH A LOCALIZED BLOCKAGE 
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The model developed in the previous section was for a fully-blocked pipeline, i.e., a 
pipeline with a blockage along its entire length. In this section, a model is developed for 
the more common situation of a pipeline with a localized blockage. 
 
Assumptions 
1) Steady-state conditions 
2) Constant surface temperature along the length of the pipe. 
3) Uniform wax thickness deposited radially over length LB of the pipe. 
4) Non-adiabatic system. 
 
Fig. C-1 shows a pipeline with a localized radial blockage of length LB at the pipe inlet. 
The fluid and wax properties are shown below and the pipeline is exposed to ambient air 
conditions. 
                         δw/2, kw                 kp   
                                                                  ho 
 
 
                     Tm1                Tm2           hi                                 ri    Tm3 
 
 
                                                 LB                                        Tamb 
                        
                                                                                                                   Qflow 
 
Fig. C-1−Illustration of a pipeline with a localized blockage at pipe inlet. 
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Recalling Eq. A-39, 
 






















++
∂−
+
∂−
−
=
−
−
oi
o
p
o
wi
i
w
o
wii
o
p
po
mi
mo
hr
r
k
r
r
r
k
r
rh
rCQ
Lr
TT
TT
1lnln
)(
2
exp
flow
amb
amb
ρ
π
(A-39) 
 
Eq. A-39 can be written for the two sections of the pipe− the blocked and unblocked 
lengths respectively, as follows: 
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Setting rB = ri - δω and combining the above equations into Eq. C-4: 
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(Note: Tm1 = Tmi and Tm3 = Tmo) 
Eq. C-5 is the final expression for the heat-balance model for a partially-blocked pipe. 
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Replacing the bracketed term by a variable, Y; Eq. C-5 can be expressed as a temperature 
drop as in Eq. C-6. 
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APPENDIX D 
SAMPLE EXCEL SPREADSHEET FOR THE HEAT-BALANCE 
MODEL FOR A PARTIALLY-BLOCKED PIPELINE (Q = 2000 m3/d) 
AND DATA FOR FIGS. 8 AND 11 
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Temperature Variation with Flow Rate for a Fixed blockage (Fig. 11) 
                                                                  10% Blockage
∆T, K
LB, m 1000 2000 3000 4000 5000 6000 7000 8000
100 34.99928 34.86069 34.14981 32.87556 31.30514 29.64707 28.01809 26.47426
200 34.99928 34.86044 34.14875 32.87356 31.30235 29.64369 28.01430 26.47021
500 34.99927 34.85967 34.14557 32.86756 31.29396 29.63353 28.00291 26.45802
1,000 34.99926 34.85837 34.14024 32.85752 31.27993 29.61656 27.98390 26.43767
5,000 34.99915 34.84756 34.09640 32.77546 31.16581 29.47880 27.82990 26.27313
10,000 34.99898 34.83288 34.03845 32.66845 31.01822 29.30165 27.63265 26.06300
20,000 34.99855 34.79915 33.91115 32.43873 30.70578 28.93009 27.22170 25.62744
25,000 34.99826 34.77981 33.84132 32.31552 30.54048 28.73533 27.00772 25.40176
35,000 34.99753 34.73537 33.68792 32.05104 30.19055 28.32685 26.56192 24.93398
40,000 34.99705 34.70989 33.60377 31.90918 30.00542 28.11273 26.32978 24.69160
43,000 34.99672 34.69344 33.55071 31.82081 29.89094 27.98098 26.18744 24.54339
Flow Rate (Q), m3/D
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APPENDIX E 
DEVELOPMENT OF THE DIMENSIONLESS HEAT-BALANCE 
MODEL FOR A PARTIALLY-BLOCKED PIPE 
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Recalling the original form of the heat model for a partially blocked pipe: 








































++
−
+++
+








++
−=
−
−
oi
o
p
o
ii
o
oi
o
p
o
B
i
w
o
Bi
op
Bo
oi
o
p
o
ii
o
p
po
miamb
moamb
hr
r
k
r
rh
r
hr
r
k
r
r
r
k
r
rh
rCQ
Lr
hr
r
k
r
rh
rCQ
Lr
TT
TT
1ln
1
1lnln
12
1ln
2
exp
flow
flow
ρ
π
ρ
π
  
 (C-5)                                       
Expressed as a temperature drop in Eq. E-1:   
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We define the following dimensionless terms and substitute them in Eqs. E-3 and E-4; 
 
p
B
BD L
LL = ................................................................................................(E-3)                 
i
B
BD r
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We now define the dimensionless temperature drop factor (FTB) as the square bracketed 
term.                
                                                                                                                           


























++
−
+++
+
++
=
ooi
o
piiooi
o
pBDwBDii
BD
ooi
o
pii
TB
rhr
r
krhrhr
r
krkrrh
L
rhr
r
krh
F
1ln11
1
1ln11ln11
1
1ln11
1
                                                                                                                                           
  (E-10)          
                                                                                                                                
 












++
−
++
+
+++
=
ooi
o
pii
BD
ooi
o
piiooi
o
pBDwBDii
BD
TB
rhr
r
krh
L
rhr
r
krhrhr
r
krkrrh
L
F
1ln111ln11
1
1ln11ln11
   
 (E-11)      
      
                                   
The term Y can be simplified as Eq. 89, 
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and the dimensionless heat model for a partially-blocked pipe can be expressed as Eq. 
90. 
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APPENDIX F 
SAMPLE EXCEL SPREADSHEET FOR DIMENSIONLESS HEAT-
BALANCE MODEL FOR A PARTIALLY- BLOCKED PIPELINE 
 (Q = 4000 m3/d) 
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APPENDIX G 
DATA FOR FIGS. 19, 26, 27, 28 AND 29 
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Data for Graphical Solution of Heat- and Volume-Balance Models (Fig. 19)
FVB = 0.75 FTB = 0.2
rBD =DBD LBD LBD
0.05 1.00278 0.08574
0.13 1.01600 0.12163
0.20 1.04097 0.15603
0.27 1.07942 0.19339
0.34 1.13433 0.23644
0.42 1.21050 0.28820
0.49 1.31576 0.35300
0.56 1.46347 0.43778
0.64 1.67792 0.55484
0.71 2.00793 0.72871
0.78 2.56772 1.01645
0.85 3.70021
0.93 7.12056
Blockage Map Data for Arbitrary Values of FTB = 2.2 and FVB = 0.75 (Fig. 26)
FTB = 2.2
FVB = 0.75
Uncertainty, %FTB FVB 
0 2.2 0.75
5 2.09 0.7125
10 1.98 0.675
15 1.87 0.6375
20 1.76 0.6
25 1.65 0.5625
30 1.54 0.525
35 1.43 0.4875
40 1.32 0.45
45 1.21 0.4125
50 1.1 0.375
55 0.99 0.3375
Data for Graphical Solution of Heat- and Volume-Balance Models Incorporating Varying Uncertainty (Figs. 27-29)
10% Uncertainty 25% Uncertainty 50% Uncertainty
FTB = 1.98 FVB = 0.675 FTB = 1.65 FVB = 0.5625 FTB = 1.1 FVB = 0.375
rBD =DBD LBD LBD LBD LBD LBD LBD
0.05 0.23687 0.32590 0.20885 0.43872 0.16215 0.62674
0.13 0.33604 0.33020 0.29629 0.44450 0.23004 0.63500
0.20 0.43110 0.33831 0.38010 0.45542 0.29511 0.65060
0.27 0.53439 0.35081 0.47117 0.47225 0.36581 0.67464
0.34 0.65344 0.36866 0.57613 0.49627 0.44728 0.70896
0.49 0.97612 0.42762 0.86060 0.57564 0.66806 0.82235
0.56 1.21100 0.47563 1.06765 0.64027 0.82873 0.91467
0.64 1.05071 1.04870  
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APPENDIX H 
PIPESIM OUTPUT DATA (COMPARISON OF PIPESIM AND 
MODEL TEMPERATURE DROP PREDICTIONS FOR A FULLY-
BLOCKED PIPELINE) 
 
125 
  
Input D ata to  PIP ESIM
Pipe D ata Fluid D ata
Inlet P P i = 5000 psia Black O il
Inlet T T i = 35
oC G O R  = 300 scf/STB
H or. D ist. Lp =  43000 m API = 30
Inner D D i = 0.38 m
T hickness ∆ t = 0.0127 m W ax 
Inner D D o = 0.4054 m kw = 0 .25 W /m K
Am bient T T am b =  0
oC
Ts = 32
oC Air
kp = 43.25 W /m K vair = 0.03048 m /s
PIPESIM M odel
Q , m 3/D rB, m W ax thick., m T o, oC ∆T ∆T  
1000 0.19 0 2.4415 32.5585 34.9993
0.18 0.01 2.6763 32.3237 34.9967
0.17 0.02 2.9228 32.0772 34.9892
0.16 0.03 3.1854 31.8146 34.9713
0.15 0.04 3.461 31.5390 34.9356
0.14 0.05 3.756 31.2440 34.8724
0.13 0.06 4.0614 30.9386 34.7706
0.12 0.07 4.387 30.6130 34.6180
0.11 0.08 4.7314 30.2686 34.4015
0.1 0.09 4.6551 30.3449 34.1074
0.09 0.1 4.1658 30.8342 33.7211
0.08 0.11 4.0305 30.9695 33.2264
0.07 0.12 4.3514 30.6486 32.6043
0.06 0.13 5.4594 29.5406 31.8310
0.05 0.14 7.8251 27.1749 30.8737
0.04 0.15
0.03 0.16
0.02 0.17
0.01 0.18
PIPESIM M odel
Q , m 3/D rB, m W ax thick., m T o, oC ∆T ∆T  
2000 0.19 0 5.3761 29.624 34.861
0.18 0.01 5.431 29.569 34.692
0.17 0.02 4.8188 30.181 34.424
0.16 0.03 4.7166 30.283 34.046
0.15 0.04 4.7435 30.257 33.552
0.14 0.05 4.9113 30.089 32.944
0.13 0.06 5.2344 29.766 32.224
0.12 0.07 5.7289 29.271 31.400
0.11 0.08 6.423 28.577 30.477
0.1 0.09 7.3468 27.653 29.460
0.09 0.1 8.5736 26.426 28.354
0.08 0.11 10.2777 24.722 27.160
0.07 0.12 12.8529 22.147 25.876
0.06 0.13 16.8789 18.121 24.495
0.05 0.14
0.04 0.15
0.03 0.16
0.02 0.17
0.01 0.18  
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P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
30 00 0 .1 9 0 3.61 95 31.38 1 34 .1 50
0 .1 8 0.01 4.07 66 30.92 3 33 .5 41
0 .1 7 0.02 4.64 29 30.35 7 32 .7 73
0 .1 6 0.03 5.32 56 29.67 4 31 .8 68
0 .1 5 0.04 6.12 87 28.87 1 30 .8 52
0 .1 4 0.05 7.05 46 27.94 5 29 .7 47
0 .1 3 0.06 8.11 17 26.88 8 28 .5 73
0 .1 2 0.07 9.31 51 25.68 5 27 .3 47
0 .1 1 0.08 10.70 33 24.29 7 26 .0 80
0.1 0 .09 12.39 26 22.60 7 24 .7 82
0 .0 9 0.1 14.48 25 20.51 8 23 .4 56
0 .0 8 0.11 17.26 46 17.73 5 22 .1 06
0 .0 7 0.12
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18
P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
40 00 0 .1 9 0 4.13 52 30.86 5 32 .8 76
0 .1 8 0.01 5 .0 96 29.90 4 31 .8 03
0 .1 7 0.02 6.16 94 28.83 1 30 .5 97
0 .1 6 0.03 7.34 45 27.65 6 29 .3 03
0 .1 5 0.04 8.61 14 26.38 9 27 .9 56
0 .1 4 0.05 9.97 57 25.02 4 26 .5 84
0 .1 3 0.06 11.46 63 23.53 4 25 .2 03
0 .1 2 0.07 13.06 74 21.93 3 23 .8 26
0 .1 1 0.08 14.85 39 20.14 6 22 .4 61
0.1 0 .09 16.96 01 18.04 0 21 .1 11
0 .0 9 0.1 19.60 61 15.39 4 19 .7 78
0 .0 8 0.11 23.10 15 11.89 9 18 .4 58
0 .0 7 0.12 21.17 43 13.82 6 17 .1 48
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18
P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
50 00 0 .1 9 0 5.28 38 29.71 6 31 .3 07
0 .1 8 0.01 6 .6 51 28.34 9 29 .8 65
0 .1 7 0.02 8.12 91 26.87 1 28 .3 58
0 .1 6 0.03 9.67 54 25.32 5 26 .8 30
0 .1 5 0.04 11.24 75 23.75 3 25 .3 12
0 .1 4 0.05 12.85 59 22.14 4 23 .8 24
0 .1 3 0.06 14.53 28 20.46 7 22 .3 75
0 .1 2 0.07 16.34 05 18.66 0 20 .9 71
0 .1 1 0.08 18.38 49 16.61 5 19 .6 13
0.1 0 .09 20.82 63 14.17 4 18 .2 99
0 .0 9 0.1 23.92 35 11.07 7 17 .0 26
0 .0 8 0.11 28.51 13 6.48 9 15 .7 88
0 .0 7 0.12
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18  
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P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
60 00 0 .1 9 0 6.78 54 28.21 5 29 .6 49
0 .1 8 0.01 8.47 17 26.52 8 27 .9 50
0 .1 7 0.02 10.19 54 24.80 5 26 .2 56
0 .1 6 0.03 11.91 21 23.08 8 24 .6 03
0 .1 5 0.04 13.62 71 21.37 3 23 .0 13
0 .1 4 0.05 15.36 68 19.63 3 21 .4 93
0 .1 3 0.06 17.18 27 17.81 7 20 .0 46
0 .1 2 0.07 19.15 79 15.84 2 18 .6 69
0 .1 1 0.08 21.41 36 13.58 6 17 .3 60
0.1 0 .09 24.16 63 10.83 4 16 .1 12
0 .0 9 0.1 27.78 14 7.21 9 14 .9 18
0 .0 8 0.11
0 .0 7 0.12
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18
P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
70 00 0 .1 9 0 8.28 86 26.71 1 28 .0 20
0 .1 8 0.01 10 .2 03 24.79 7 26 .1 52
0 .1 7 0.02 12.07 97 22.92 0 24 .3 53
0 .1 6 0.03 13.91 55 21.08 5 22 .6 46
0 .1 5 0.04 15.73 09 19.26 9 21 .0 40
0 .1 4 0.05 17 .5 69 17.43 1 19 .5 33
0 .1 3 0.06 19.49 76 15.50 2 18 .1 21
0 .1 2 0.07 21.61 23 13.38 8 16 .7 96
0 .1 1 0.08 24.08 67 10.91 3 15 .5 50
0.1 0 .09 27.19 13 7.80 9 14 .3 75
0 .0 9 0.1 31.78 45 3.21 6 13 .2 62
0 .0 8 0.11
0 .0 7 0.12
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18
P IP E S IM M o d el
Q , m 3/D rB, m W a x th ic k ., m T o, o C ∆T  ∆T  
80 00 0 .1 9 0 9.73 51 2 5.264 9 26 .4 77
0 .1 8 0.01 11.80 35 2 3.196 5 24 .5 06
0 .1 7 0.02 13.79 18 2 1.208 2 22 .6 56
0 .1 6 0.03 15.71 27 1 9.287 3 20 .9 38
0 .1 5 0.04 17.60 28 1 7.397 2 19 .3 47
0 .1 4 0.05 1 9.52 15 .4 8 17 .8 77
0 .1 3 0.06 21.54 28 1 3.457 2 16 .5 14
0 .1 2 0.07 23.80 91 1 1.190 9 15 .2 50
0 .1 1 0.08 26.52 56 8.474 4 14 .0 71
0.1 0 .09 29.99 06 5.009 4 12 .9 68
0 .0 9 0.1
0 .0 8 0.11
0 .0 7 0.12
0 .0 6 0.13
0 .0 5 0.14
0 .0 4 0.15
0 .0 3 0.16
0 .0 2 0.17
0 .0 1 0.18  
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Wax Pipesim Model Wax Pipesim Model
Thickness, m Q, m3/d ∆T, K ∆T, K Thickness, m Q, m3/d ∆T, K ∆T, K
0.01 1000 32.324 34.997 0.08 1000 30.269 34.402
2000 29.569 34.692 2000 28.577 30.477
3000 30.923 33.541 3000 24.297 26.080
4000 29.904 31.803 4000 20.146 22.461
5000 28.349 29.865 5000 16.615 19.613
6000 26.528 27.950 6000 13.586 17.360
7000 24.797 26.152 7000 10.913 15.550
8000 23.197 24.506 8000 8.474 14.071
0.03 1000 31.815 34.971 0.09 1000 30.345 34.107
2000 30.283 34.046 2000 27.653 29.460
3000 29.674 31.868 3000 22.607 24.782
4000 27.656 29.303 4000 18.040 21.111
5000 25.325 26.830 5000 14.174 18.299
6000 23.088 24.603 6000 10.834 16.112
7000 21.085 22.646 7000 7.809 14.375
8000 19.287 20.938 8000 5.009 12.968
0.05 1000 31.244 34.872
2000 30.089 32.944
3000 27.945 29.747
4000 25.024 26.584
5000 22.144 23.824
6000 19.633 21.493
7000 17.431 19.533
8000 15.480 17.877
0.06 1000 30.939 34.771
2000 29.766 32.224
3000 26.888 28.573
4000 23.534 25.203
5000 20.467 22.375
6000 17.817 20.046
7000 15.502 18.121
8000 13.457 16.514
0.07 1000 30.613 34.618
2000 29.271 31.400
3000 25.685 27.347
4000 21.933 23.826
5000 18.660 20.971
6000 15.842 18.669
7000 13.388 16.796
8000 11.191 15.250
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